Scrub typhus immunogens were prepared from Rickettsia tsutsugamushi strains Karp, Kato, Gilliam, Kostival, and Buie by exposing frozen infected yolk sac suspensions to 300 krad of gamma radiation. Mouse protection tests showed that each of the irradiated immunogens protected C3H/HeDub mice against high challenge levels of Karp and Gilliam, but that none of these single-strain immunogens were capable of protecting against all five of the challenge -strains. Broadspectrum protection was achieved by using combinations of three strains of irradiated rickettsiae in a vaccination regimen of three injections at 5-day intervals. A comparison of vaccination efficacy employing three such combinations
tsutsugamushi that can be differentiated on the basis of serological tests and virulence characteristics in laboratory animals. In some regions endemic for scrub typhus, a single strain appears to be dominant (13) , but other reports indicate that several different strains may coexist in rather small geographical areas (3, 7, 14) . This antigenic diversity has been a major consideration in the development of a scrub typhus vaccine. Although single-strain formalinized rickettsiae have been shown to elicit significant levels of protection against homologous strain challenge in laboratory animals (12) , gamma radiation-inactivated scrub typhus immunogens protected mice against challenge with both homologous and heterologous strains of R. tsutsugamushi (5) . Subsequent studies from this laboratory (6) defined the optimum temporal regimen for vaccination and examined the development and duration of the protective immune response in BALB/cDub (BALB) mice. Animals vaccinated with gamma-irradiated Karp immunogen were resistant to a 104 50% mouse lethal dose (MLD50) homologous challenge for 9 months. However, resistance to the heterologous Kato strain waned rapidly, indicating the necessity to prolong effective heterologous protection and to assess resistance against other strains of scrub typhus rickettsiae. Such a study was facilitated by the recent discovery that C3H/HeDub (C3H) mice are susceptible to lethal infection with strains of R. tsutsugamushi to which BALB mice are naturally resistant (11) .
In this study, we 
RESULTS
Effect of gamma radiation on lethality and immunogenicity of rickettsiae. Since we used the Karp strain of R. tsutsugamushi and BALB mice for most of our previous scrub typhus immunogen studies (5, 6) , it was necessary to determine if other rickettsial strains were inactivated by gamma radiation in a manner similar to Karp, and to test the comparability of results generated in C3H mice with those established in BALB mice. Consequently, suspensions of Karp, Kato, and Gilliam were exposed to gamma radiation doses in the range of 0 to 300 krad, and MLD50 titrations were performed simultaneously at each dose in both mouse strains. The individual titers of the Karp and Kato suspensions were almost identical in BALB and C3H mice, and regression analyses (Table 1) indicated that the radiation dose-lethality curves for the rickettsial strains were quite similar and unaffected by choice of mouse model. The generation of complete data for Gilliam was precluded by the natural resistance of BALB mice to lethal infection with this strain of R. tsutsugamushi (11) . Corresponding results among mouse and rickettsial strain combinations also were observed in the 50% protective dose values obtained with 300-krad gamma-irradiated immunogens (Table 2) . Protective doses for homologous strain challenge were quite similar for Karp immunogen titrated in either mouse strain, for Kato immunogen in BALB mice, and for Gilliam immunogen in C3H mice. However, a 50% protective dose for Kato in C3H mice could not be calculated. The highest concentration of Kato immunogen used failed to protect the animals from subsequent challenge. This apparent inability of C3H mice to develop protective immunity to Kato challenge was reproducible. However, other values were comparable for the two mouse strains, and so we decided that the benefit derived from broadened (5) generally are applicable to other strains of scrub typhus rickettsiae. Use of these immunogens as single strains or multistrain combinations with broad-spectrum challenge delineated unexpected relationships among the rickettsial strains and revealed synergistic effects operative during multistrain immunization.
All single-strain immunogens elicited high levels of protection against Karp and Gilliam. This was interesting, because previous serological studies with these two strains, in which complement fixation tests (1, 14) and rickettsial-neutralization tests (2, 10) had been used, indicated that they were antigenically distinct, although a minor complement-fixing antigen common to both strains had been detected (14) .
The Buie and Kostival immunogens appeared to be broadly reactive, eliciting moderate to high levels of protection against Karp, Gilliam, and homologous strain challenge while showing low, but detectable levels of protection against each other. These observations agree with previous reports of broad reactivity for rabbit anti-Buie serum in cross-neutralization tests (2) and for formalinized Kostival immunogen in cross-vaccination studies (12) .
As predicted by our preliminary lethality and immunogenicity studies, none of the immunogens, including the irradiated Kato suspension, protected the C3H mice against Kato challenge. However, the same Kato suspension elicited high levels of protection against Karp and Gilliam in C3H mice and against Kato in BALB mice, indicating that the limitation of the C3H model was restricted to use of Kato challenge. We can offer no explanation for the phenomenon at this time, although it does illustrate the importance of ascertaining the limitations of an animal model.
Previous studies with mixed, formalinized immunogens (12) indicated that a reduction in protection against each challenge strain occurred and was proportional to the dilution effect achieved by mixing the immunogens. Nevertheless, the demonstrable superiority of gammairradiated immunogens (5) and the pronounced cross-protection observed against Karp and Gilliam with the single-strain immunogens (Table   3 ) encouraged us to attempt the use of multistrain combinations in this study. We chose to use three immunogen strains because the threeinjection regimen allowed combination of Karp, Gilliam, and Kato by sequential injection in single-strain form on successive vaccination days, as well as injection of a premixed suspension. We also examined two other combinations that employed the Buie and Kostival strains, since results of the single-strain study suggested they were slightly more immunogenic than Karp or Gilliam. The principal result of using any of the multistrain combinations was a vast improvement in the breadth and level of protection over that afforded mice vaccinated with any of the single-strain immunogens. For the first time, vaccinated C3H mice resisted significant levels of Kato challenge. This was particularly striking after immunization with the trivalent mixtures and could not be attributed to increased immunogen mass as less Kato was present in the KGKt mixture than had been employed in the single-strain vaccination studies. Protection against Buie challenge also increased when immunogen combinations were used, with the immunity index rising from 3.0 after single-strain Buie immunization to 4.5 with the KGKt trivalent mixture. The immunity indices achieved for Karp, Kostival, and Gilliam challenges after vaccination with trivalent mixtures were generally similar to those attained with single-strain immunogens against homologous strain challenge.
To evaluate fully the efficacy of the trivalent immunogens in mice, it was necessary to examine the duration of protective immunity. In a previous study (6) we reported that BALB mice vaccinated with Karp immunogen retained immunity to challenge with 104 MLD5o of Karp for 9 months but became susceptible to challenge with low levels of Kato after only 3 months. In contrast, mice convalescent from sublethal R. tsutsugamushi infection have been shown to resist intraperitoneal inoculation of 104 MLD50 of homologous strain organisms for at least 610 days (9) , and in this study the majority of BALB mice convalescent from sublethal Gilliam infection resisted heterologous strain challenge with 106 MLD50 of Karp for 1 on October 18, 2017 by guest http://iai.asm.org/ Downloaded from synergistic effect produced by vaccination with polyvalent immunogens. Conversely, use of only C3H mice would have led to the conclusion that radiation was totally unsuitable for the preparation of Kato immunogens. Interpretation of data from both strains of mice revealed that the KGKt trivalent immunogen induced protective immunity to broad-spectrum challenge for 6 months. Studies are currently in progress to prepare trivalent scrub typhus immunogen from rickettsiae grown in appropriate cell culture for testing in subhuman primates.
